Fos and Jun proteins homo-or heterodimerize to form functional AP-1 transcription factors. Drosophila mutants lacking either Jun or Fos display indistinguishable dorsal open phenotypes, indicating an essential function of both Jun and Fos for embryonic dorsal closure. Here we present experiments to determine the basis for this dual requirement. By combining mutant alleles and transgenes expressing Fos and Jun variants with altered dimerization preferences, fly lines were generated in which only specifically defined dimer variants can form. Phenotypic analysis of these mutants reveals that homodimers of Fos or of Jun cannot replace the function of the heterodimeric complex. This defect is not explained by the lower stability of homodimers as compared to heterodimers, because 'pseudo-homodimers' which are as stable as native Jun-Fos heterodimers cannot substitute for their function. We conclude that Jun and Fos play complementary roles that are both required for signal transduction and gene activation during dorsal closure. q
Introduction
Transcription factors often bind to their cognate DNA elements as protein dimers. Such dimerization appears to have evolved several times independently, as it is a characteristic shared by multiple, unrelated transcription factor families. A dimeric design has the evident advantage that it doubles the number of base-specific protein-DNA contacts, thus increasing the affinity and specificity of DNA binding, and facilitating the recognition of regulatory elements in the expanse of genomic DNA. In simple organisms such as bacteria and phages, transcription factors often form homodimers (l repressor, Lex A, Lac repressor, Gal4). Dimerization is also common among transcription factors of higher eukaryotes. However, in these organism transcription factors frequently are obligate heterodimers (e.g. bZIP, rel, HLH family proteins, some nuclear receptors). Unlike the emergence of dimerization itself, the evolutionary trend from homodimeric to heterodimeric transcription factors is unlikely to be driven by different DNA binding characteristics, as heterodimers in general engage in a similar number and kind of specific nucleotide contacts as comparable homodimers. Biological advantages of heterodimerization versus homodimerization might include: (i) Increased complexity of regulation: the two subunits of a heterodimeric transcription factor can be independently regulated at the level of their abundance (synthesis/stability) or their specific activity (post-translational modification/proteinprotein contacts). This would conceivably facilitate more elaborate gene regulation profiles. (ii) New trans-activation characteristics: a heterodimeric transcription factor might have qualitatively different transcriptional properties than either of the subunits or their corresponding homodimers might have. Synergism between non-identical subunits might generate a heterodimer that has qualitatively different properties than the corresponding homodimers.
To investigate the functional differences between transcription factor homodimers and heterodimers we performed studies on AP-1. AP-1 proteins form an archetypal family of dimeric transcription factors, which includes Jun-and Fos-related proteins (Karin et al., 1997) . Dimerization, mediated by a leucine zipper domain, precedes, and is obligatory for, binding to the palindromic AP-1-responsive DNA elements.
The prototypical form of AP-1 is a heterodimer between Jun and Fos. This combination is more stable and binds DNA more tightly than a Jun homodimer, which in turn is more stable than a Fos homodimer (Halazonetis et al., 1988; O'Shea et al., 1989) . The relevance of Jun homodimers vis-à-vis Jun-Fos heterodimers in AP-1 regulated processes in vivo has not been easy to address due to the difficulty of genetically tracking the multiplicity of AP-1 dimers in mammalian cells. As many as three Jun and four different Fos proteins with partially redundant functions can be expressed simultaneously in mammals and dimerize in multiple heterodimeric and homodimeric combinations.
With only one homologue each of Jun and Fos (D-Jun and D-Fos), the AP-1 family is less complex in Drosophila than in vertebrates. D-Jun and D-Fos are both required for dorsal closure (DC), which occurs during embryogenesis (Kockel et al., 2001) . In this Jun N-terminal kinase (JNK)-regulated process, cells from the lateral epidermis migrate over the underlying amnioserosa (a transient embryonic cell layer) leading to the enclosure of the embryonic viscera. Homozygous D-jun and D-fos mutants die with an indistinguishable embryonic dorsal open phenotype (Hou et al., 1997; Kockel et al., 1997; Riesgo-Escovar and Hafen, 1997; Zeitlinger et al., 1997) . Fos protein levels are the same in wild-type and in jun mutants, and similarly the lack of Fos does not affect Jun protein expression in the embryo (Kockel, L., Zeitlinger, J., unpublished observations) . This indicates that Jun homodimers could potentially form in fos mutants, however they evidently cannot replace the loss of Fos and vice versa. Two, not mutually exclusive, explanations for the simultaneous requirements of both transcription factors in DC can be proposed.
Dimer stability
Only the Jun-Fos heterodimer might be stable enough to mediate robust binding to the relevant target gene promoters or enhancers. In vitro experiments have shown that the JunFos heterodimer forms more stable complexes with AP-1 binding sites than either a Jun or a Fos homodimer (Perkins et al., 1988; Halazonetis et al., 1988; O'Shea et al., 1989; Smeal et al., 1989) . Interestingly, the latter can form in Drosophila and bind to DNA detectably, whereas in mammals, Fos homodimers do not form under physiological conditions (Perkins et al., 1990) . The idea that the stability of a Jun homodimer may not be sufficient to mediate the biological effects of AP-1 is supported by transformation experiments performed in chick embryo fibroblasts. In these studies artificially stabilized Jun homodimers were created by the replacement of the Jun leucine zipper with the corresponding domains of yeast or viral factors that confer a high homotypic affinity. This manipulation caused a markedly enhanced activity in transformation and reporter gene assays, arguing that the homodimerization mediated by two c-Jun leucine zippers is not of sufficient stability to mediate AP-1 function in these assays (Castellazzi et al., 1993) .
Cooperation
Alternatively, both Jun and Fos may make specific regulatory contributions that are essential for DC. In vitro transcription experiments have indicated that the transactivation domains of Jun and Fos act synergistically (Abate et al., 1991) and that the heterodimers can activate genes more efficiently than the corresponding homodimers, arguing for distinct and complementary biochemical functions of Fos and Jun in transcription activation. Qualitative differences between dimeric AP-1 combinations further suggest specific regulatory functions of individual subunits. Based on experiments with altered specificity dimerization mutants, it has been suggested that specific dimer combinations of AP-1 factors may have distinct regulatory features (van Dam and Castellazzi, 2001) .
We designed genetic experiments in Drosophila to compare the potential role of AP-1 homo-and heterodimers in the control of DC. Our results indicate that the Fos-Jun heterodimer has unique regulatory properties that distinguish it from Jun or Fos homodimers and that are essential for DC. Based on the findings presented here, we conclude that the requirement for the heterodimer is not based on its higher stability but on cooperative action of regulatory domains outside of the conserved leucine zipper regions of Fos and Jun.
Results and discussion
To compare the role of Jun-Fos heterodimers and homodimers, two types of 'zipper swap mutants' were generated. The FJF mutant represents a version of D-Fos, in which the leucine zipper was precisely replaced with the corresponding domain of D-Jun. The complementary construct, dubbed JFJ, is a D-Jun mutant carrying the D-Fos leucine zipper (see the schematic in Fig. 2A ). This design was chosen so that FJF would be able to form 'pseudo-homodimers' with wild-type Fos that should have the same stability as Fos-Jun heterodimers. Conversely, FJF should dimerize with Jun only weakly with the affinity of a Jun homodimer. To confirm the expected dimerization characteristics of the chimeric proteins they were analyzed in a GST pull-down assay. In vitro translated and 35 S-labeled FJF or JFJ proteins were incubated in various combinations with bacterially expressed Jun or Fos GST fusion proteins, or with GST alone as a negative control. Retention of radiolabeled JFJ and FJF proteins by GST proteins, which were immobilized on Sepharose beads, was visualized by autoradiography. The results of this experiment indicate that both homoand heterodimeric complexes can form in vitro with FosFos homodimers (Fig. 1, lane 2) being significantly less stable than Jun-Jun homodimers (Fig. 1, lane 4) or JunFos heterodimers (Fig. 1, lanes 1 and 5) . It is worth noting that dimerization occurred in the absence of AP-1 binding sites, and might be further stabilized when the dimeric complexes bind to DNA (Kohler and Schepartz, 2001 ).
Next, we tested whether the zipper swap mutants could replace the function of endogenous Jun or Fos proteins during embryogenesis and rescue the respective mutants when expressed as transgenes. For these experiments we used the following mutant alleles. Animals homozygous for the jun 2 null allele express no D-Jun protein and are embryonic lethal. They can be rescued to adulthood by expression of a D-jun transgene . fos mutant alleles are designated kayak (Jürgens et al., 1984) . kay 1 is a null allele causing a phenotype that is indistinguishable from that of jun 2 mutants. The dorsal closure phenotype of kay 1 homozygotes can be rescued by a D-fos transgene; however, the animals do not survive to adulthood due to the loss of one or more essential genes in addition to D-fos on the kay 1 chromosome . The kay 2 allele, while solely affecting D-fos, only represents a partial loss of function mutation. Occasionally, kay 2 homozygotes survive to adulthood and show a characteristic thorax cleft phenotype (Zeitlinger and Bohmann, 1999) . kay 1 /kay 2 transheterozygotes are strictly lethal (RiesgoEscovar et al., 1996; Riesgo-Escovar and Hafen, 1997; Kockel et al., 1997; Zeitlinger et al., 1997) . D-jun and Dfos mutant flies provide a background for in vivo complementation assays in which engineered forms of these proteins can be functionally tested in the developing organism.
The overexpression of the wild-type D-Fos protein from a transgene in a jun homozygous mutant embryo or of wildtype D-Jun in a kay 1 mutant background is not sufficient to rescue the DC mutant phenotype (data not shown). This indicates that neither D-Fos nor D-Jun homodimers alone are sufficient to direct the dorsal closure process, even when expressed at elevated levels.
If it was the higher stability of the Fos-Jun heterodimer as compared to the two respective homodimers that is required to provide sufficient AP-1 function for the completion of DC, then 'pseudo-homodimers' of Jun and JFJ or of Fos and FJF held together by the Fos-Jun zipper interaction might be expected to rescue the dorsal open phenotype of kay or jun mutants, respectively. To test this possibility, Drosophila stocks carrying JFJ or FJF transgenes under the control of the heat shock promoter were recombined with the kay 1 or with the jun 2 mutant allele, respectively. In the animals of the hs FJF, jun 2 and the hs JFJ, kay 1 genotypes only stable Fos-FJF or Jun-JFJ 'pseudo-homodimers' but no Fos-Jun heterodimers can form. In both cases, no rescue could be observed, i.e. no viable flies of the observed genotype could be recovered, nor could either mutant carry out DC ( Fig. 2F, G; cf. F to C and G to D) . This result indicates that Jun or Fos homodimers are not sufficient for DC to occur properly, even when the homodimer is held together by a more stable hetero-leucine zipper interaction. Next, flies were generated in which the only possible heterodimers are FJF-Jun or JFJ-Fos, respectively. Essentially, these are heterodimers that are nevertheless held together by the weak homotypic interaction between either two Jun or two Fos leucine zippers (see schematic in Fig.  2H-J) . These animals carry the hs FJF transgene in a homozygous kay 1 background or the JFJ transgene in flies that are homozygous for the jun 2 allele. Significantly, FJF and JFJ can rescue the mutant DC phenotypes and the lethality of fos and jun mutants, respectively, in both these combinations (Figs. 2 and 3) . Expression of the hs FJF transgene at least partially suppresses the completely penetrant DC phenotype of kay 1 mutants ( Fig. 2I,J; cf. I to D and J to E). Moreover, the strict lethality of kay 1 /kay 2 transheterozygotes can be rescued to adulthood by the hs FJF transgene (Fig. 3B) . Thus, in the different kay mutant backgrounds, FJF expression has the same rescuing potential as transgenic expression of a wild-type Fos protein. The similarity also extends to the adult phenotype of the kay 1 /kay 2 flies that are rescued by FJF or by wild-type D-Fos expression. In both cases adults show a notum cleft phenotype, reminiscent of occasional homozygous escapers of the hypomorphic kay 2 stock ( Fig. 3A-C ; Zeitlinger et al., 1997; Zeitlinger and Bohmann, 1999) . In line with this result, the JFJ transgene when expressed in a jun 2 null allele background reverts the dorsal open phenotype significantly ( Fig. 2H; cf. H to C). 1 and 4) , GST-Fos (lanes 2 and 5), or GST proteins (lanes 3 and 6) were expressed in bacteria and immobilized on Sepharose beads. Binding of 35 S-labeled JFJ (lanes 1-3) and FJF proteins (lanes 4-6) to the Jun and Fos beads was examined by a pull-down assay and monitored by sodium dodecyl sulfate gel electrophoresis autoradiography of the retained material. The full-length proteins are indicated by arrows, faster migrating bands represent breakdown products. Both DFos and D-Jun can form homodimers (lanes 2 and 4, respectively) in addition to the typical AP-1 Jun-Fos heterocomplex (lanes 1 and 5) . The apparent molecular weight (MW) of size standards is indicated in kDa.
Several conclusions can be drawn from these experiments. First, the data indicate that both Fos and Jun make non-redundant contributions to the regulation of dorsal closure independent of their leucine zippers, as stabilized homodimers cannot rescue Fos or Jun loss-of-function mutations, whereas destabilized heterodimers can do this. What could the complementary functions of Fos and Jun be?
Recent results from our lab indicated that both Fos and Jun represent primary recipients of JNK signaling which is essential for DC and can serve as substrates for the Drosophila JNK homologue, Basket (Ciapponi et al., 2001) . Both have transcription activation domains (Perkins et al., 1990) . Thus, the functional differences and the basis for the cooperation between Fos and Jun might be more specific. Either transcription factor may contribute distinct contacts to the initiation machinery or mediate separate contacts to other DNA-bound transcription factors in the assembly of regulatory complexes on target gene promoters and enhancers.
The results presented here further indicate that homotypic interactions, mediated by two Jun or two Fos leucine zipper domains (such as between FJF and Jun) are in principle stable enough to assemble AP-1 dimers in the animal. Therefore, it is possible that in biological situations other than DC Jun or Fos might act independently and that target genes exist that can be regulated by Jun or Fos homodimers. Indirect evidence indicates that Fos may have functions that are Jun-independent possibly as a homodimer (RiesgoEscovar and Hafen, 1997; Rusch and Levine, 1997) .
Experimental procedures

Plasmid construction
FJF and JFJ variants were generated by standard polymerase chain reaction procedures. The D-Jun leucine zipper, spanning from nucleotides 720 to 783, was swapped with the D-Fos leucine zipper domain, spanning from nucleotides 858 to 942. Relevant fragments were sequenced and subsequently cloned into the pKB267 P-element vector containing the sevenless enhancer and the heat shock promoter (Basler et al., 1991) for the generation of transgenic flies. GST D-Fos Zip 1 C-terminal (a truncated D-Fos version, spanning amino acids from 285 to 595) and GST DJun plasmid were previously described (Peverali et al., 1996; Ciapponi et al., 2001 ).
Transgenic and mutant Drosophila lines
Germline transformation was performed by a standard procedure (Spradling and Rubin, 1982) .
Bacterial expression of recombinant proteins
Recombinant GST D-Fos Zip 1 C-terminal and GST DJun were expressed as previously described (Ciapponi et al., 2001 ).
In vitro GST pull-down assay
FJF or JFJ proteins were translated in vitro and labeled with l-[ 35 S]methionine (Promega, TNT system), then incubated for 1 h at room temperature in the presence of equal amounts (Bradford quantification) of either GST D-Jun or GST D-Fos Zip 1 C-terminal bound to GST beads. After three washes at room temperature the samples were run on a 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The gel was stained with Coomassie (not shown), dried and exposed to autoradiography. Incubation and washes were both performed in NETN buffer (20 mM Tris-HCl (pH 8), 100 mM NaCl, 1 mM EDTA, 0.5% NP40).
